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The structural basis for pyrophosphatase catalysis
Pirkko Heikinheimo1,2, Jukka Lehtonen1,2, Alexander Baykov3, Reijo Lahti2,
Barry S Cooperman4* and Adrian Goldman1,2*
Background: Soluble inorganic pyrophosphatase (PPase), an essential
enzyme central to phosphorus metabolism, catalyzes the hydrolysis of the phos-
phoanhydride bond in inorganic pyrophosphate. Catalysis requires divalent
metal ions which affect the apparent pKas of the essential general acid and
base on the enzyme, and the pKa of the substrate. Three to five metal ions are
required for maximal activity, depending on pH and enzyme source. A detailed
understanding of catalysis would aid both in understanding the nature of biolog-
ical mechanisms of phosphoryl transfer, and in understanding the role of diva-
lent cations. Without a high-resolution complex structure such a model has
previously been unobtainable.
Results: We report the first two high-resolution structures of yeast PPase, at
2.2 and 2.0 Å resolution with R factors of around 17 %. One structure contains
the two activating metal ions; the other, the product (MnPi)2 as well. The latter
structure shows an extensive network of hydrogen bond and metal ion interac-
tions that account for virtually every lone pair on the product phosphates. It also
contains a water molecule/hydroxide ion bridging two metal ions and, uniquely, a
phosphate bound to four Mn2+ ions.
Conclusions: Our structure-based model of the PPase mechanism posits that
the nucleophile is the hydroxide ion mentioned above. This aspect of the mecha-
nism is formally analogous to the ‘two-metal ion’ mechanism of alkaline phos-
phatase, exonucleases and polymerases. A third metal ion coordinates another
water molecule that is probably the required general acid. Extensive Lewis acid
coordination and hydrogen bonds provide charge shielding of the electrophile
and lower the pKa of the leaving group. This ‘three-metal ion’ mechanism is in
detail different from that of other phosphoryl transfer enzymes, presumably
reflecting how ancient the reaction is.
Introduction
Soluble inorganic pyrophosphatase (PPase; E.C. 3.6.1.1),
an ubiquitous enzyme, is essential for cell growth [1,2]. It
provides a thermodynamic pull for many biosynthetic
reactions which utilize nucleotide triphosphates, including
nucleic acid, polysaccharide and protein biosynthesis, by
catalyzing the essentially irreversible hydrolysis of the
product inorganic pyrophosphate (PPi) to two phosphates
(Pi) [3]. Although phosphoryl transfer enzymes, of which
PPase is one, form one of the largest classes of enzymes in
nature, their mechanisms are still not completely under-
stood [4]. The comparative simplicity of PPi as a substrate,
and the importance of PPase in the control of overall phos-
phorus metabolism have prompted our detailed studies of
this enzyme. We report here two structures of the PPase
from the budding yeast Saccharomyces cerevisiae (Y-PPase)
that, considered together with the results of functional
studies of the wild-type and variant enzymes, permit us to
formulate a substantially complete structure-based model
for the PPase mechanism.
The first PPase structure appeared in 1981 [5] at 3.0Å 
resolution (Protein Data Bank [PDB] code 1pyp [6]).
Although an unrefined apostructure, it showed the fold of
the enzyme and the active site cleft, demonstrating that
the active site is large and contains many polar residues.
Later, a product-containing structure of Y-PPase was
reported [7], but the coordinates for this structure were
never released. As subsequent work by the Harutyunyan
group [8] and this work demonstrate, the earlier structure
contains errors in the description of product binding. So
far, two prokaryotic PPase structures are known at high 
resolution: the Escherichia coli PPase (E-PPase) apoenzyme
structure has been solved at 2.2Å resolution [9–11] (PDB
codes 2eip, 1faj, 1ipw, 1igp) and Thermus thermophilus
PPase (T-PPase) at 2.0Å resolution [12] (PDB code 2prd).
None of these structures contain substrate, but Mg2+ was
soaked into the E-PPase crystals (Mg⋅E-PPase) (1ipw) [10];
the T-PPase structure has one sulphate ion mimicking the
binding of the phosphate ion and a report of one Mn2+ ion
in the E. coli PPase active site has also appeared [13]. We
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report here the first two high resolution Y-PPase structures.
The first structure (Mn2⋅Y-PPase) contains both the metal
ions that are required for the activation of the enzyme and
that are present before substrate binds. The second struc-
ture is a product complex, Mn2⋅Y-PPase⋅(MnPi)2, having, in
addition to the two activating manganese ions, two phos-
phates and two additional manganese ions.
PPases hydrolyze PPi without a covalent enzyme bound
intermediate [14]. The reaction involves at least three diva-
lent metal ions in the active site; the relative activity with
different cations is Mg2+>Zn2+>Co2+≈Mn2+>>Cd2+ [15,16].
Measured at pH7, at or near the pH optimum, the kcat for
the Mn2+–enzyme is about 10% of that for the Mg2+–
enzyme, while the microscopic rate constant for hydrolysis
of enzyme-bound PPi is decreased by a factor of five. Mn2+
is thus a good model for the natural activating metal ion,
and has some crystallographic advantages (see Materials
and methods section). The metal ions both activate the
enzyme and are also part of the substrate [15,17]. PPases
are diffusion-controlled enzymes [15]; by understanding
PPase catalysis in detail, we hope to understand better the
use of metal ions in catalysis and the enzyme-catalyzed
hydrolysis of more complex substrates. The use of metal
ions is very common in phosphoryl transfer enzymes. A
‘two metal ion’ mechanism has been proposed for other
phosphoryl transfer enzymes such as, DNA polymerases
[18], retroviral integrases [19], HIV reverse transcriptase
[20] and alkaline phosphatase [21]. Some have even called
it the ‘common’ two-metal ion mechanism [22] without,
however, saying whether the mechanistic similarity is any-
thing more than formal. The three-dimensional structure
of alkaline phosphatase, for instance, shows no evidence of
being related to the others by divergent evolution.
The best studied PPases are Y-PPase and E-PPase. The
active site is very well conserved in all PPases; for instance
13–14 of the 17 polar active-site residues are fully con-
served in the structure-based sequence alignments of Y-
and E-PPases [23]. However, the overall sequence iden-
tity is only 27% [24] and the oligomeric structure of the
two enzymes is different, Y-PPase being a homodimer and
E-PPase a homohexamer [25]. The catalytic mechanism of
these two enzymes is very similar [16,25,26]. Mutations of
conserved active-site residues produce rather similar
changes in the activities of Y-PPase and E-PPase, although
Y-PPase activity [27] is somewhat more sensitive to muta-
tion than E-PPase activity [28].
The reaction mechanism requires a basic and an acidic
group in the active site. The apparent pKa of the basic group
seems to be affected by almost every active-site mutation
we have studied. Even conservative mutations (Asp↔Glu
or Arg↔Lys) of the conserved active-site residues increase
the pKa of the basic group by 1–3pH units while having
smaller effects on the pH independent values of kcat [28].
Based on this and other evidence, we suggested that the
essential basic group for the reaction is not an amino acid
sidechain, but an hydroxide ion coordinated to metal ion in
the PPase active site [27,28]. The shift in the pKas would
thus be due to changes in the overall electrostatic environ-
ment in the active site [16,28]. Our two new Y-PPase struc-
tures clearly support this hypothesis. Our catalytic model
now identifies an hydroxide bridging two metal ions as the
nucleophile attacking PPi. Further it includes proposals for
the identity of the general acid, the roles of specific metal
ions and active-site residues in PPase, and the differences
between Y- and E-PPase mechanisms of action.
Results and discussion
Monomeric structure
We have solved two structures of complexes of Y-PPase,
Mn2⋅Y-PPase and Mn2⋅Y-PPase⋅(MnPi)2. The Mn2⋅Y-PPase
structure was solved by molecular replacement using a par-
tially refined Y-PPase apoenzyme structure (D Voet, per-
sonal communication); the Mn2⋅Y-PPase⋅(MnPi)2 structure
was solved by molecular replacement from the Mn2⋅Y-
PPase structure. No large changes have been made to the
overall structure of Y-PPase, compared either with the initial
model or with the one in the PDB (1pyp). The structure is
now more accurate due to higher resolution and refinement,
leading to a somewhat different tracing for one b strand.
The first report of a Y-PPase product complex structure
[7] contained errors because they located only three man-
ganese ions in the active site. We have been able to
correct the errors by using anomalous difference Fourier
maps to position the manganese ions and by refinement to
higher resolution. The product complex structure of Haru-
tyunyan et al. [8], published at almost exactly the same
time as the initial submission of this manuscript, appears
to be similar to ours although a detailed comparison has
yet to be done. There are some important differences,
however, both in structure and mechanistic interpretation,
which will be referred to below. Many of the structural
differences appear to be due to the quality of the data; our
Mn2⋅Y-PPase⋅(MnPi)2 crystals diffract to better than 1.5Å
(PH, unpublished data), while those of Harutyunyan et al.
[8] diffract to 2.4Å at best. Consequently, our structure is
at a higher resolution (nominally 2.0Å versus 2.4 Å) and
our effective resolution is in fact the same as our nominal
resolution, theirs is almost certainly lower. This can be
seen in the refinement statistics and the quality of the
electron-density maps (Fig. 1). (Details of the refinement
are described in the Materials and methods section.)
The structures compared here present the enzyme in four
different states: the E. coli apoenzyme (apoE-PPase) [9];
E-PPase with the tightest metal ion bound (Mg⋅E-PPase)
[10]; the fully activated resting enzyme with two metal ions
bound (Mn2⋅Y-PPase); and the product–enzyme complex
(Mn2⋅Y-PPase⋅(MnPi)2). The two Y-PPase structures have
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no major differences between them (see later) so, unless
specified, what follows applies to both.
The core of the enzyme is a twisted five stranded b barrel
(Fig. 2), formed from strands b1 and b4–b7. The core is
conserved in all PPases [9,12] and its top surface forms the
base of the active site (Fig. 2). Eukaryotic PPases are longer
than prokaryotic ones [25], mainly because of N- and C-
terminal extensions that fold on top of the enzyme (Fig. 3).
In addition, Y-PPase has another b sheet formed by the N-
and C-terminal extension b strands (b-4, b-3, b9) as well as
b2 and b3, which form a hairpin loop in E-PPase. Between
b3 and b4 there is a long loop (residues 71–91), rather dif-
ferent than in E-PPase, that makes contact with helix aA,
contains the active-site residues Arg78 and Tyr89, and
makes b-sheet like interactions with the N terminus (Fig.
2). This loop also contains a cis-peptide between residues
84 and 85 and is involved in dimer formation (see later).
Changing the Arg78–Asp71 interaction affects the ther-
mostability of the enzyme [27]; the Arg78→Lys variant
protein is less thermostable than wild type, presumably
because the interaction is weakened and so the mobility of
the loop is increased. The reverse is true for the Asp71→
Glu variant, which is more thermostable than wild type
[27], presumably because the carboxylate group of Glu71 is
closer to and interacts more strongly with Arg78 than does
Asp71 in the wild-type protein.
In addition to the b structure, all PPases have two long
a helices, aA and aB. Both conserved helices of Y-PPase
align well with the corresponding helices in E-PPase. Pre-
ceding helix A, and at about 90° to it, Y-PPase has one
shorter a helix (helix-A, residues 171–177). There are also
four 310-helical turns, at residues 165–167, 194–196, 205–
207 and 274–277.
Dimer formation
The monomer–monomer contacts in the Y-PPase homod-
imer are mainly formed by stacking of aromatic rings
(Fig. 4). Histidine residues His87 and His87′ are hydrogen
bonded to each other in a plane in the centre of the stack.
On one side, ~3.5 Å away is Trp52, and on the other side is
Trp52′, thus creating a three-layer arrangement reminis-
cent of base stacking. The long hydrophobic arm of Arg51
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Figure 1
Electron density for the two Y-PPase
structures. (a) Stereo view of the (Fo–Fc)
electron density, contoured at 4.5s in a
simulated annealing omit map at 2.0 Å for the
Mn2⋅Y-PPase⋅(MnPi)2 structure. The two
phosphates, M1, M2 and Wat1 (see text for
definitions) have been omitted to show the
quality of the electron density and our ability
to define water molecules and the positions of
the oxygen atoms on the phosphates. The
metal ions and the key active-site residues are
labelled. (b) Stereo view of the electron
density around metal ions M1 and M2 in the
Mn2⋅Y-PPase structure. The maps, calculated
at 2.2 Å, are (3Fo–2Fc), shown as dashed
lines, and an anomalous difference map, in
solid lines; the maps are contoured at 1s and
5s, respectively. The current model is shown,
with larger circles for the metal ions and
smaller circles for the water molecules. The
two water molecules in the M1–M2 bridge are
labelled A and B and are coordinated to M1
and M2, respectively. (Figures were generated
using the program O [29] and OPLOT
[M Kjeldgaard, unpublished program].)
A A
B B
M3 M3
M4 M4
M1 M1
M2 M2
P2 P2
P1 P1
D152 D152
D147 D147
D117 D117
R78 R78K193 K193(a)
(b)
packs against Trp52 while the buried, most probably
charged, headgroup makes all five hydrogen bonds that it
can. (Burial of charged groups in proteins is not as rare as is
commonly believed [S Helin, PC Kahn and AG, unpub-
lished data].) The Nh1 and Nh2 protons of Arg51 are
hydrogen bonded to the mainchain carbonyl oxygens of
Asp277′ (across the twofold axis), Glu126 and Gly125, and
to a well ordered water molecule, while the Nε proton is
hydrogen bonded to the ring electrons of Trp52. In addi-
tion to the stacked residues, Trp279 packs perpendicu-
larly against the Trp52′ and Arg51′ residues (and Trp279′
packs against Trp52 and Arg51).
None of the dimer-forming residues are a part of the
active site, explaining why none of the active-site muta-
tions affects the oligomeric structure of the enzyme [27],
unlike in E-PPase [28] where some active-site mutations
cause dissociation of the hexamer into trimers. This dimer
interface is likely to be conserved in other eukaryotic
PPases. Arg51, Trp52 and Trp279 are conserved in human
(EMBL/Genbank entries T61949 and R17778), bovine
and all known yeast sequences [25]. His87 is conserved in
all yeast sequences but is replaced by a lysine in the
bovine retinal and human PPases.
Similarities and differences between the structures
The core structures of E- and Y-PPase are very similar,
but Y-PPase has a 27-residue N-terminal and 59-residue
C-terminal extension compared with E-PPase [23]. With
the initial alignment generated using the program O [29],
154 residues of the Mg⋅E-PPase structure align with a
root mean square (rms) deviation of 1.40 Å to the Mn2⋅Y-
PPase structure and 154 residues with an rms deviation 
of 1.45 Å to the Mn2⋅Y-PPase⋅(MnPi)2 structure. To find
out in which areas the structures differed, we refined the
superposition with RgbSup (P Fitzgerald, unpublished
program), excluding all Ca atoms deviating by more than
1 Å from the superposition. Under these conditions, 87 of
the E-PPase residues superimpose on the Mn2⋅Y-PPase
structure with an rms deviation of 0.66 Å. All the b strands
that form the barrel are included in the most similar 
areas (Fig. 3a). The most different regions are (Y-PPase
numbering): Ala28–Asn41, Ile59–Ile90, Glu101–Asn116,
Met143–Trp153, Asp159–Asp165 and Pro195–Glu208;
the rms deviations per Ca in these regions, after refine-
ment by RgbSup which excludes most of these residues,
are 4.06, 2.82, 1.99, 1.94, 4.41 and 2.92 Å, respectively.
The two metal ion binding loops (Glu101–Asn116 and
Met143–Trp153; Fig. 3b), among the most different
regions, contribute to the active site being much more open
in E-PPase than in Y-PPase (see later). The former loop is
much shorter in E-PPase (Ser63–Gly66) than in Y-PPase,
and the latter, though the same length, has a very different
conformation (Fig. 3b). Some, but not all, of the differences
in these loops are due to the different metallation states 
in these structures. This is demonstrated by the fact that
the Glu101–Asn116 and Met143–Trp153 regions are the
ones that differ most between the two Y-PPase structures
(Fig. 3b). The respective Y-PPase/Y-PPase rms deviations
per Ca are 1.01Å (Glu101–Asn116) and 1.27Å (Met143–
Trp153), after refinement by RgbSup, versus an overall
Y-PPase/Y-PPase deviation of around 0.5Å. (Further details
can be found within the supplementary material.)
Binding of the activating metal ions
Two activating manganese ions bind at the base of the
active site at sites M1 and M2 in the absence of substrate.
Mn2+ at M1 is coordinated by three aspartic residues,
Asp115, Asp120 and Asp152 (Fig. 1b). The remaining three
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Figure 2
Stereo view of the overall fold of Y-PPase, as
exemplified by the Mn2⋅Y-PPase⋅(MnPi)2 struc-
ture. The secondary structure elements are
labelled; the secondary structure definition is
from PROCHECK [67]. The conserved sec-
ondary structure (b1–b8 and aA and aB) is
named as in E- and T-PPase [9,12]. The sec-
ondary structures in Y-PPase that do not
occur in E-PPase are marked with decreasing
numbering for the N-terminal (b–1, b–2, a–A
etc) insertions and with increasing numbering
for the C-terminal insertions (b9 and aC).
Strands with at least three residues and
helices with at least four residues are drawn
as arrows and spirals, respectively. In the
figure, one residue was added to each end of
each secondary structure element for clarity.
The active site is located in the space
between helix A and the top of the conserved
b barrel. (Figure generated using the program
MOLSCRIPT [70] and Raster3D [71].)
coordination sites are filled by water molecules and the
coordination is almost octahedral. Mn2+ at M2 is directly
coordinated to only one protein residue, Asp120. The rest
of its coordination sites are filled by water molecules in the
Mn2⋅Y-PPase structure; one of the waters is further hydro-
gen bonded to Glu48.
For Y-PPase, the macroscopic dissociation constant Km1
([Mn][E]/[MnE]) is 10µM, and Km2 ([Mn][MnE]/[Mn2E])
is 40µM [30], measured at pH7.2. They thus differ by the
statistical factor of four, as expected for dissociation from
two sites of equivalent affinity (i.e. M1 and M2 have similar
intrinsic metal ion affinities). In contrast, for E-PPase at the
same pH, the Km2/Km1 ratio is equal to 25 for Mg2+ binding
[31] and 40 for Mn2+ binding (Hyytiä et al., unpublished
data) so one site clearly binds more tightly than the other.
For E-PPase, the tighter site may be assigned to M1
(Fig. 5) for two reasons. Firstly, M1 is occupied even when
site M2 is not, in Mg⋅E-PPase [10] and in Mn⋅E-PPase [13].
Secondly, the E-PPase Asp65→Glu and Asp102→Glu vari-
ants (Y-PPase Asp115 and Asp152) show weakened binding
for the high affinity site but not for the low affinity site
(Hyytiä et al., unpublished data). Surprisingly, the Asp70→
Glu variant (Y-PPase Asp120) binds metal ions at both sites
with the same affinity as wild type (Hyytiä et al., unpub-
lished data), but is almost completely inactive [28]. What-
ever change occurs to allow metal ion binding must also
prevent productive binding of the substrate.
Product binding 
The two Pis in the Mn2⋅Y-PPase⋅(MnPi)2 structure bind at
sites denoted P1 and P2. In the Mn2⋅Y-PPase⋅(MnPi)2
structure, coordination to Pi in site P2 replaces coordination
to one water molecule at both M1 and M2 (Fig. 5) and the
distance between these metal ions decreases, from 4.9Å to
3.7Å in Mn2⋅Y-PPase (Fig. 3b, Tables 1,2). As a conse-
quence, whereas two water molecules form the M1–M2
bridge in Mn2⋅Y-PPase (Fig. 1b), a single water molecule,
quite important for the hydrolysis mechanism (see below)
is able to bridge M1 and M2 in Mn2⋅Y-PPase⋅(MnPi)2 (Fig.
1a). Harutyunyan et al. [8] were unable to see a bridging
water molecule between M1 and M2 and their hydrolysis
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Figure 3
Stereo view superimpositions of four PPase
structures. (a) Superimposition of Ca traces
of four PPase structures: the Mn2⋅Y-
PPase⋅(MnPi)2 structure is in yellow, the
Mn2⋅Y-PPase structure is in red, the Mg⋅E-
PPase structure is in purple and the apoE-
PPase structure is in blue. Metal ions are
presented as spheres with the color of the
corresponding structure. Every tenth residue
in the Mn2⋅Y-PPase⋅(MnPi)2 structure is 
indicated by a black ball and every twentieth
residue is labelled. (b) Close-up stereo view
of the superimposition in Figure 3a, from a
slightly rotated view; the colouring is as in
Figure 3a. The difference in the position of M1
in the three metal ion containing structures is
apparent. The major backbone motion in the
loops 101–115 and 144–152 can be seen,
as can the motions of the metal-binding
residues: Glu58, Asp115, Asp117, Asp120,
Asp147 and Asp152. (Figure generated using
the program MOLSCRIPT [70].)
mechanism fails to explain convincingly the need for both
M1 and M2. Mn2+–Mn2+, Mn2+–Pi, and Pi–Pi distances are
presented in Table 1; these values are both more precise
and somewhat different from those presented in Harutyun-
yan et al. [8]. These authors, interpreting a lower resolution
structure, had more difficulty than we did in deciding
which peaks in the active site were metal ions, which were
phosphate ions, where the oxygens on the phosphates
point, and what the coordination of the metal ions is.
Mn2+ in sites M3 and M4 bind to both Pis and are both
coordinated by sidechain carboxylates: M3 to Glu58 and
M4 to Asp147 and Asp152. The binding of product induces
a change in the active-site conformation due to movement
in two loops: Glu101–Asn116 (from the end of b4 to the
beginning of b5) and Met143–Trp153 (from the end of b6
to the beginning of b7) (Fig. 3b). The movement of the
latter is more pronounced than the movement of the
former. The motion positions Asp147 and Asp152 (Fig. 3)
such that Asp152 coordinates M1 and M4, while Asp147
coordinates M4 and makes a hydrogen bond with the 
substrate-binding residue Lys193. Residues Asp102 and
Val105–Pro108 of the first segment are also involved in
crystallographic contacts in the Mn2⋅Y-PPase structure.
Movement of this region is clearly due to product binding,
as soaking the Mn2⋅Y-PPase crystals in phosphate makes
them crack [32]. In the Mn2⋅Y-PPase⋅(MnPi)2 structure, the
crystal contacts are different thus allowing the manganese
phosphate to bind. Even so, the differences between the
two yeast structures in this area are much smaller than the
differences between the yeast and E. coli PPase structures
(Fig. 3), leaving the E-PPase active site more open than
that of Y-PPase. One effect of the structural changes occur-
ring on product binding is to reduce solvent access to the
active site somewhat. This is consistent with solution
studies showing that binding of the third metal ion, firstly,
changes the binding of Pi at P1 (see below) to protect
Arg78 more effectively from chemical modification [30]
and secondly, causes large changes in the 31P chemical
shifts of Pi in both P1 and P2 [33].
In the Mn2⋅Y-PPase⋅(MnPi)2 structure, P1 forms hydrogen
and ionic bonds to: Arg78 (bidentate coordination), Tyr192,
Lys193, M3, M4 and three water molecules, one of which
(Wat6) is coordinated to M3 (Fig. 5c). P2 forms hydrogen
and ionic bonds to Lys56, Tyr93, M1, M2, M3, M4, and
also with three water molecules: one (Wat1) bridging M1
and M2; one further hydrogen bonded to Tyr89; and one
bridging M4 and Tyr192 (Fig. 5b). To our knowledge, P2
is the first reported Pi position bound to four divalent metal
ions. The direct interactions of Lys56, Arg78 and Lys193
with P1 or P2 are consistent with solution studies showing
the E-PPase variants mutated at the equivalent [24] posi-
tions all have an increased Km [28] for Mg2PPi. The bond to
Lys193 was not observed by Harutyunyan et al. [8].
Both Y-PPase [26,30] and E-PPase [16,31] bind the two
Pis with substantially different affinities. Several lines of
evidence indicate that P1 is the higher affinity site.
Firstly, in the presence of three Mn2+ ions, Pi bound in the
high affinity site protects Arg78 from chemical modifica-
tion, and little additional protection is conferred by
binding at P2 [30]. This can be explained by the bidentate
coordination of the P1 phosphate with Arg78 (Fig. 5c).
Secondly, the P1 site, but not the P2 site, is occupied by a
sulphate ion in T-PPase [12]. Finally, one Pi ion binds to
Y-PPase in the absence of divalent ion; its dissociation
constant decreases a mere threefold when one or two
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Figure 4
Stereo view of the dimer–dimer contact in
Y-PPase. One monomer is drawn in dark grey
and the other in light grey. Hydrogen bonds
are drawn as dashed lines. The interactions of
the Arg51 headgroup are shown, including
the hydrogen bond to the ring of Trp52.
(Figure generated using the program
MOLSCRIPT [70].)
W279'
W279
R51'
R51
H87'
W52'
W52
H87
W279
W279'
R51
R51'
H87'W52
W52'H87
Mn2+ bind, but 30–80-fold when a third Mn2+ binds [30].
This pattern is fully consistent with binding to P1. At P1,
two positively charged residues and a tyrosine hydroxyl
offer a total of four sidechain hydrogen bond donors for
binding (Arg78 is bidentate) and the Pi in P1 interacts
with M3 and M4 but with neither M1 nor M2. By contrast,
P2 has only one positively charged residue, Lys56, and a
total of two sidechain hydrogen bond donors available for
binding and P2 interacts directly with M1 and M2. P2
must also be the electrophilic Pi as it interacts directly
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Figure 5
Product binding in Y-PPase. (a) An overall
stereo view of the Mn2⋅Y-PPase⋅(MnPi)2 active
site showing most of the Lewis acid coordina-
tion of the product. Acidic residues are in red
and basic in blue; tyrosine is in yellow; the two
substrate phosphates are in orange; metals
are in green; and waters in white. The view is
rotated 180° from that of Figure 3 and
residues Tyr93, Tyr89 and Lys154 have been
removed for clarity. (b) The interactions
around the P2 phosphate in a stereo view
rotated 90° from the view in (a). Directly coor-
dinated residues or atoms are in colour as
described in (a), others are in white. Wat1 is
coordinated to M1 and M2, and hydrogen
bonded to Asp117 and to one of the phos-
phate oxygens (O1). (c) The interactions
around the P1 phosphate, in a stereo view
rotated 180° from (a). Colouring in the figure
is as in (a). The proposed general acid, Wat6,
is hydrogen bonded to O1 on P1 and is coor-
dinated to M3. The bridging oxygen in the
substrate pyrophosphate is proposed to be
O3 on P1. (Figure generated using the pro-
grams MOLSCRIPT [70] and Raster3D [71].) 
with the nucleophilic water and the electrophilic Pi leaves
first [34] (see below).
The catalytic mechanism
The Mn2⋅Y-PPase⋅(MnPi)2 structure (Fig. 5), when com-
bined with the results of earlier functional studies in solu-
tion, permits for the first time a detailed proposal for the
catalytic mechanism of PPase. PPase catalysis of PPi hydrol-
ysis is well described for both E-PPase and Y-PPase by the
scheme shown in Figure 6. Indicating the precise conserva-
tion of mechanism, each of the microscopic rate constants,
k1–k8, measured at pH7.2 differs by less than threefold for
the two enzymes [25]. There are four outstanding features
of the scheme shown in Figure 6 (reviewed in [25]): the
hydrolysis of PPi proceeds by direct attack of water with no
phosphorylated enzyme intermediate; the electrophilic Pi,
having an oxygen from the nucleophilic water, is the first to
dissociate from the enzyme; the equilibrium constant for
hydrolysis of enzyme-bound PPi, K3 (k3/k4), is only five, in
contrast to the hydrolysis of PPi in solution which is
strongly favourable; and PPi hydrolysis and both Pi dissoc-
iation steps are all partially rate determining at pH 7.2.
Firstly, considering the hydrolysis step: k3 at 25°C is 500–
1000s–1, some 1010 faster than the corresponding rate of
MgPPi hydrolysis in solution. Model studies of phosphoryl
transfer in solution suggest three ways for catalyzing such
transfer [35]. The first and most important is by lowering
the pKa of the leaving group, for which the Brønsted b is
1.2 [36]. The second is by shielding the charge on the
electrophilic phosphorus, thus permitting attack by the
stronger hydroxide anion rather than water. The third is by
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Table 1
Product–enzyme interactions in the Mn2×Y-PPase×(MnPi)2 structure, within the substrate or between substrate and metal ion.*
The P1 phosphate The P2 phosphate
M1 M2 M3 M4 O1 O2 O3 O4 O1 O2 O3 O4
M1 - 3.70 (4.92) 5.63 3.72 2.46
M2 - 5.41 6.19 2.35
M3 - 4.94 2.43 2.39
M4 - 2.41 2.34
Wat1 2.40 2.56 2.71
Wat6 2.47 2.97
*All distances are in Å; distances in parentheses are those found for equivalent atoms in the Mn2⋅Y-PPase structure. We used monomer 1 for both
Mn2⋅Y-PPase⋅(MnPi)2 and Mn2⋅Y-PPase.
Table 2
Product–enzyme interactions in the Mn2×Y-PPase×(MnPi)2 structure.
Partner 1 Distance (Å)* Partner 2 Distance (Å)* Partner 3 Distance (Å) Partner 4
K56 Nz 2.88 (2.84) E58 Oε2 2.89 P2 O3
E58 Oε2 2.48 M3
K61 Nz 2.87 (2.84) D117 Od1
D71 Od2 2.54 (3.13) R78 Nh1
R78 Nh1 2.73 P1 O1
R78 Nh2 2.91 P1 O2
Y93 Oh 2.96 (2.97) D120 Od2 2.90 (2.91) K154 Nz 2.54 P2 O1
D115 Od1 2.44 (2.54) M1
D117 Od2 2.49 W1
D120 Od1 2.31 (2.30) M2
D120 Od2 2.51 (2.47) M1 2.68 (2.89) K154 Nz
D147 Od1 2.81 (3.57) K193 Nz
D147 Od2 3.36 (4.11)† Y192 Oh 2.34 M4
D148 Oε1 2.70 K193 Nz
D152 Od1 2.32 (2.39) M1
D152 Od2 3.09 (3.37)§ K154 Nz 2.37 M4
Y192 Oh 2.56 P1 O3
K193 Nz 2.75 P1 O2
*Distances in parentheses are those found for equivalent atoms in the Mn2⋅Y-PPase structure. We used monomer 1 for both Mn2⋅Y-PPase⋅(MnPi)2
and Mn2⋅Y-PPase. †There is no hydrogen bond between these two atoms in Mn2⋅Y-PPase. §In Mn2⋅Y-PPase the better hydrogen bond is from
Lys154 Nz to Asp152 Od1 (distance = 3.00 Å).
selectively stabilizing the trigonal bipyramid intermediate
versus the tetrahedral reactant. Inspection of the Mn2⋅Y-
PPase⋅(MnPi)2 structure shows that Y-PPase is particularly
well suited to catalyze phosphoryl transfer in at least the
first two ways. Of the 22 lone pairs on the two product
phosphates, 18 are coordinated: 6 by hydrogen bonds to
protein sidechains, 6 by hydrogen bonds to water, and 6 by
coordination to metal ions.
We were able to generate two types of models for the 
catalytic mechanism of the third step. The first model
required two water molecules: Wat1 (Fig. 5b), the putative
bridging hydroxide served as a general base to activate a
second water as the incoming nucleophile. The second
water molecule was placed between O1 and O2 in the
product complex (Fig. 5b) (see below). In the second
model, which we favour because there was less steric con-
flict in the active site, Wat1 is itself the attacking nucle-
ophile. This model is shown schematically in Figure 7. It
was generated by docking a model of the transition state
into the structure of the product complex (Fig. 5a) without
making any changes to the protein and trying to overlap
the phosphorus oxygens in the transition state and product
as much as possible. Total overlap was not possible,
because an inversion of configuration is in progress at P2,
and because no oxygen on P1 in the product complex
points directly towards P2. Nonetheless, the only adjusted
parameters, all in the transition state, were the axial O–P
bond lengths on the trigonal bipyramidal P2 (range
1.9–2.4Å), the P–O–P bend angle (range 130–180°), and
the torsion angles in the transition state. In the model, 15
of the 17 lone pairs on the substrate PPi are coordinated,
five by metal ions and ten by hydrogen bonds (Fig. 7).
In this model, we assign the phosphoryl groups in P1 and
P2 as the leaving and electrophilic groups, respectively.
The basis for this assignment is that the electrophilic Pi
dissociates before the leaving group Pi [34], that the more
weakly bound Pi should dissociate first, and that P1 is the
high affinity site. Furthermore, P2 is closer to the only rea-
sonable candidate for the general base/nucleophile, Wat1
(Fig. 5a). Placing the leaving group in the high affinity site
also makes sense mechanistically, as tighter binding should
correlate with higher conjugate acidity and thus a faster
hydrolysis rate. The pKa of Pi in P1 should be lower than
that of Pi in P2, as strong hydrogen bonding should lower
pKa more effectively than coordination to metal ions, espe-
cially coordination to relatively weak acidic metal ions like
Mg2+ and Mn2+ [35,37,38].
Although our assignment of P2 as the electrophilic site
agrees with Harutyunyan et al. [8], we disagree with their
assignment of P2 (their PiA) as the high affinity site and
with P1 (their PiL) as the first phosphate to leave the
enzyme. Their assignment is completely inconsistent with
the solution data referred to above [34], and apparently
was made because P2 looks like it is more buried than P1
(Fig. 5a). However, a space-filling model (Fig. 8) shows
clearly that both are exposed to solvent. P2 is also well
positioned to leave after the chemical catalysis step as it
can dissociate with the exposed M3 metal ion; such disso-
ciation may be facilitated by the deep groove that leads
down to the P2-binding pocket in the active site (Fig. 8).
The pH dependence of kcat for PPases indicates the pres-
ence of an essential general acid, of apparent pKaof 8.5
(Y-PPase) [39] to 9.7 (E-PPase) [31]. We consider it likely
that the general acid protonates P1 during the hydrolysis
reaction, thus further lowering its pKa. Arg78, Lys193 and
Tyr192, although all potentially general acids because each
donates hydrogen bonds to P1, are unlikely candidates
because variants of E-PPase, in which the corresponding
residues [24] have been mutated, retain appreciable activ-
ity and show little change in the apparent pKa of the essen-
tial acid. We therefore believe the general acid is a water
molecule coordinated to P1. Three water molecules (Wat6,
Wat119 and Wat182) (Fig. 5c) are directly coordinated to
P1 in the Mn2⋅Y-PPase⋅(MnPi)2 structure. The pKas of
Wat119 and Wat182 are unlikely to be changed much from
the normal value of 16, as they are exposed to solvent at
the top of the active site and are coordinated neither to
protein residues nor to metal ions. Wat6, on the other
hand, is buried to a greater extent and, because it is coordi-
nated to M3, is more likely to have a lowered pKa. In addi-
tion, Wat6 is well positioned to donate a proton to an
oxygen in P1.
The mechanistic model produced by docking (Fig. 7)
implies that the Mn2⋅Y-PPase⋅(MnPi)2 structure (Fig. 5a)
has relaxed since the chemical catalytic step. The oxygen
from the putative nucleophilic hydroxide anion (Wat1 in
Fig. 7; bridging M1 and M2) has rotated away to become
coordinated to M2 alone in Figure 5b and another water
molecule has therefore replaced it in bridging M1 and M2
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Figure 6
The minimal scheme of PPase catalysis, where j = 1 or 2, depending
on pH and divalent metal ion concentration. (In general E-PPase
requires one more metal ion for maximal activity at low pH than
Y-PPase.) (Details are given in the text).
HMg2E + Mg2PPi HMgjEMg2PPi HMgjE(MgPi)2
H20*
k1
k2
k3
k4
HMgjEMgPi
+ MgPi*
HMg2E + MgPi
k5
k7
k6
k8
(Fig. 5b). The Mn2⋅Y-PPase⋅(MnPi)2 product complex
structure we observe is thus a hydrated form of the
product of the hydrolysis step of the reaction (Fig. 6).
This proposed nucleophilic role for Wat1 in Figure 7 is in
accordance with recent rate studies of ours. The pH
dependence of k3 for mutant forms of E-PPase [16,31]
(Fabrichniy et al., unpublished data) provides evidence for
an essential base, with an apparent pKa between 7.8 and
8.7 for the active-site variants Asp97→Glu, Tyr55→Phe,
and Lys104→Arg (corresponding to Asp147, Tyr93, and
Lys154 in Y-PPase). The corresponding pKa in wild-type
E-PPase is <6.5. Measured by the effect on kcat, conser-
vative mutation of virtually every conserved active-site
residue in E-PPase increases the apparent pKa of the
essential base by 1–3pH units [28]. While this latter result
is more difficult to interpret precisely, because the pH
dependence of kcat reflects the pH dependence of k3, k5,
and k7, clearly mutation at residues throughout the active
site increases the pKa of an essential base. We reasoned
that the essential base/nucleophile had an abnormally low
pKa that depended on the integrity of the active-site struc-
ture, so that any perturbation of that structure increased its
pKa. We therefore proposed [28] that the essential base
was an hydroxide, which is stabilized by binding to one or
two metal ions at the active site, and perhaps by binding
to a lysine or arginine residue as well. Consistent with this
proposal, Wat1 is bound to M1 and M2, thus reducing its
pKa. A further reduction might be possible through hydro-
gen bonding to Asp117.
Clearly Wat1, which may even partially resemble an O2–
anion if proton transfer to Asp117 occurs, is a very potent
nucleophile. However, because of its negative charge it can
only attack P2 (the electrophilic phosphorus) if the nega-
tively charged oxygens on P2 are charge-shielded [4,40].
This requirement is met for the phosphoryl group in P2,
which binds to all four divalent metal ions and to Lys56.
Metal ion binding also appears to stabilize the pentacoordi-
nate trigonal bipyramid intermediate in other phosphoryl
transfer enzymes [41,42].
Two aspects of the PPase catalytic mechanism remain
unclear. The first is the timing of proton transfer to the
leaving group phosphate. We have proposed in Figure 7
that the transfer is synchronous with P–O–P bond breaking,
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Figure 7
The proposed PPase mechanism. The active-
site coordination is shown in two dimensions;
hydrogen bonding is shown with grey lines
and metal coordination with dashed lines. The
flow of electrons is indicated with arrows. The
reaction involves a hydroxide ion (Wat1),
coordinated to metals Mn1 and Mn2, which
hydrolyzes the substrate P2O7–Mn2. P1 and
P2 are labels for the leaving and electrophilic
phosphoryl groups, respectively. The required
general acid is a water molecule (Wat6) coor-
dinated to Mn3 and hydrogen bonded to P1
in the Mn2⋅Y-PPase⋅(MnPi)2 structure. (The
two-dimensional presentation of the mecha-
nism was initially created using LIGPLOT [72]
and edited using CorelDRAW 4.0.)
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but this is by no means certain. Protonation of the leaving
group in the transition state, to lower the energy barrier and
increase k3, may not be necessary; the combination of
hydrogen bond donors and metal ions binding to P1 may
make it a good enough leaving group (i.e. have a low
enough pKa). In this case, protonation would take place
after hydrolysis, as the dominant species in solution at
neutral pH is MHPO4 (not MPO4– as indicated by Haru-
tyunyan et al. [8]).
The second unclear aspect of the mechanism is the iden-
tity of the nucleophile. The current mechanistic model
has the bridging hydroxide corresponding to Wat1 as the
nucleophile, as this model can be built most easily into the
active site. This is similar to the models proposed for other
enzymes that have a similar metal–oxygen–metal arrange-
ment (see below). However, it does imply that there is a
conformational change after chemical catalysis, as the
water (Wat1 in the product complex Mn2⋅Y-PPase⋅(MnPi)2
structure [Fig. 5]) is obviously not one of the product P2
oxygens. (The O1 oxygen on P2 [Fig. 5b] is assumed to
have come from another water molecule in the Wat1-
binding site in the transition state [Fig. 7].) It is also possi-
ble to build a model based on the assumption that the
Mn2⋅Y-PPase⋅(MnPi)2 structure accurately reflects the
product of the hydrolysis step (Fig. 6) as appears to have
been done by Harutyunyan et al. [8]. In this latter model
the nucleophilic water is placed most plausibly between
the positions of O1 and O2 depicted in Figure 5b, and
thus its oxygen corresponds to either O1 or O2. This
nucleophilic water could form a hydrogen bond with Wat
1; in the direction of PPi hydrolysis, it is activated as a
nucleophile by proton removal via hydrogen bonding to
the hydroxide corresponding to Wat1. Coordination to
either M2 or M3 would then aid this process. The major
disadvantage of such a model, versus the model presented
in Figure 7, is that it is much harder to satisfy the geomet-
rical requirements for catalysis without either distorting
the transition state beyond acceptable limits or invoking
conformational change on the part of the protein. Further
solution and structural studies will be required to address
these questions, as well as to examine critically the spe-
cific roles in catalysis assigned to amino acid residues at
the active site.
Catalytic roles of the fourth divalent metal ion
At neutral pH E-PPase requires four Mg2+ ions per active
site for activity, whereas the yeast enzyme is active with
either three or four Mg2+, with the three Mg2+ form having
somewhat higher activity. Our structural studies provide an
interesting rationale for this difference, based on two oppos-
ing effects on kcat attributable to the binding of the fourth
divalent metal ion.
The first effect at neutral pH on kcat is the deprotonation of
the essential basic group modulating kcat, (i.e. Wat1 bridg-
ing M1 and M2). In E-PPase, the pKa of this group rises
from 6.7 with four Mg2+ ions bound to 8.7 with three Mg2+
ions bound [16]; at neutral pH the three Mg2+ form of the
enzyme is thus quite inactive. Although a full analysis of
kcat as a function of pH and Mg2+ concentration has yet to
be carried out for Y-PPase, the pKa of Wat1 with three
Mg2+ bound to Y-PPase appears to be low enough so that it
is substantially deprotonated at neutral pH [39,43] (Pohjan-
joki et al., unpublished data). Binding of a fourth Mg2+ ion
is thus not required for deprotonation of Wat1 in Y-PPase.
This suggests that the interactions that lower the pKa of
Wat1 are stronger in Y-PPase than in E-PPase. Consistent
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Figure 8
A space-filling stereo view of the active site of
Y-PPase in the Mn2⋅Y-PPase⋅(MnPi)2 struc-
ture, showing how exposed the two product
phosphates are. Bound water molecules have
been removed for clarity. P1 is shown in red,
P2 in orange, M3 in light green and the other
metals in dark green; the protein is shown in
white. Arg78 binds in a bidentate fashion to
P1; its headgroup is visible to the left and
above P1. The channel leading down to P2
can be seen to the left of M3, explaining how
the M3–P2 complex can dissociate first.
(Figure generated using the programs
MOLSCRIPT and Raster3D.)
with this, the Y-PPase active-site cleft is slightly more
closed than the E-PPase cleft, and the distance in the
Mg⋅E-PPase structure from M1 to the putative position of
M2 is 6Å (data not shown), versus the measured value of
4.9Å in the Mn2⋅Y-PPase structure. Although this might be
due to the different metallation state of the enzyme in the
crystals, it is more likely due to the dif-ference in the
b4–b5 loop region of the two enzymes (Y-PPase, 101–115;
E-PPase, 63–65). The shorter E-PPase connection proba-
bly prevents M1 from moving as much towards M2 in
E-PPase as it does in Y-PPase.
The second effect at neutral pH is on the magnitude of k7,
which decreases on binding of the fourth Mg2+ ion to
Y-PPase. It is this decrease, rather than any effect on k3, that
accounts for the small inhibitory effect of excess Mg2+ on
Y-PPase activity [26]. A structural rationale for this effect is
provided by the observation that the mobile loop (144–152)
is drawn in more closely in the Mn2⋅Y-PPase⋅(MnPi)2 struc-
ture than in the Mn2⋅Y-PPase structure (Fig. 2). This change
must be due, at least in part, to the binding of M4 to Asp147
and Asp152, and should slow Pi release from P1, thus
decreasing k7. Both effects are operative in E-PPase, with
the effect on the pKa of Wat1 being more important, and so
binding to M4 increases kcat. In Y-PPase, only the second
effect is important and so binding to M4 decreases kcat.
The structure further suggests explanations for some of our
other kinetic data obtained with E- and Y-PPase. Firstly,
the large increase in k7 for E-PPase as the pH is increased
from 6.5 to 9.3 [16] may be due to deprotonation of Tyr192,
to which M4 is coordinated through a water molecule
(Fig. 5a). This would accelerate P1 dissociation by charge
repulsion, overwhelming the effect on k7 mentioned above.
Secondly, not only can a fifth divalent metal ion bind to
E-PPase [16] but also such binding is required for efficient
catalysis in some E-PPase active-site variants [31,44]. This
may be because the E-PPase active site is more open
(Fig. 3; see above). Conversely, the more closed and pre-
sumably more rigid Y-PPase active site also explains why
active-site variants in Y-PPase are generally less active than
the equivalent variants in E-PPase [27].
Pyrophosphatase and its relationship to other phosphoryl
transfer enzymes
PPase, ATPase, and kinases catalyze the following reaction:
(R)OPO2–OPO32– +R′–OH→R′OPO32– + (R)OPO32– +H+
(For PPase, R=H+ or a negative charge and R′=H; for
ATPase, R=adenosyl 5′–OPO2– and R′=H; and for kinases,
R=adenosyl 5′–OPO2– and R′=various.)
These enzymes thus solve very similar chemical problems
and so could have very similar catalytic mechanisms. In
fact, this is not the case, Nature having evolved at least two
different ways of catalyzing this reaction. As demonstrated
above, PPase solves the problem by activating the attack-
ing water as a nucleophile and by the massive use of Lewis
acids. In particular, three to four divalent metal ions are
used both to stabilize the leaving group Pi and to charge-
shield the anionic electrophilic phosphoryl group from
attack by the anionic nucleophile. ATPases and kinases, in
contrast, employ a different strategy. They generally have a
single divalent cation involved in catalysis and make exten-
sive use of amide backbone protons, particularly those from
a set of highly conserved glycines, as Lewis acids [45]. As a
result, there is no obvious structural or evolutionary linkage
between PPases on the one hand and ATPases and kinases
on the other. Such a linkage was proposed by Baltscheffsky
and coworkers [46], based on a short conserved sequence
motif, found in PPases and the a and b ATPases from 
Rhodospirillium rubrum, Rhodospirillium blastica and E. coli
and the fact that PPases, like ATPases, can catalyze the
synthesis of a pyrophosphate linkage. This sequence (114-
Gly-Asp-Asn-Asp-Pro-Ile-Asp-120 in Y-PPase) includes
three of the important PPase aspartates. Using the bovine
F1-ATPase coordinates [47] we found no evidence of struc-
tural similarity between the two proteins in this region
(110-Ala-Leu-Gly-Asn-Ala-Ile-Asp-116 in F1-ATPase); nor
is this region part of the active site of F1-ATPase. Clearly,
this throws some doubt on the use of very short sequence
motifs like those found in ProSite [48] as diagnostic tools in
the absence of any other information.
To what other proteins then, if any, is PPase similar?
Searches run by G Kleywegt using his program SPASM
found many protein metal binding sites with similar local
structure, but the similarity never extended beyond the
metal ion binding carboxylate groups themselves. However,
there is an interesting and somewhat unexpected similarity
to proteins which interact with DNA. PPases form a super-
family (i.e. presumed to be unrelated by divergent evolution
to anything else) in the OB-fold defined in the SCOP
database [49]. The distinguishing feature of this fold is a 
five-stranded b barrel with a shear number of eight. Two
other OB-fold proteins (gene V protein of bacteriophage f1 
[PDB code 1BGH] and cold shock DNA-binding protein
[PDB code 1MJC]) bind DNA on the top surface of their b
barrels, reminiscent of the location of the active site in PPase.
A perhaps more interesting similarity is with the active sites
of some polymerases. Pelletier et al. [50] have proposed a
structure-based mechanism for rat DNA polymerase b (pol
b). The mechanism is, it should be noted, different from
that of the Klenow fragment of E. coli DNA polymerase I
[18], HIV reverse transcriptase [20], and a thermostable
Bacillus spp DNA polymerase (L Beese, personal communi-
cation). The structure of pol b [51] contains two Mg2+ ions
which align with the PPase active site M1 and M4 (Fig. 9).
The metal ions are both coordinated to one aspartate,
Asp152 in the yeast PPase and Asp190 in pol b. Asp→Glu
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mutations of these residues have similar effects on activity
in both yeast PPase and pol b [32,52]. In pol b, the ‘lower’
metal ion in Figure 9 is believed to be involved in activat-
ing the attacking nucleophile, the 3′-OH of the primer
strand; in PPase, M1 is similarly involved with Wat1. The
leaving group activation also seems to be similar; both sub-
strates are coordinated by positive residues and by a metal
ion (Fig. 9). In pol b, the leaving group is larger (PPi instead
of Pi) and there are two arginines, instead of just one, but
the orientation of the head group of Arg183 is very similar
to that of Arg78 in the Mn2⋅Y-PPase⋅(MnPi)2 structure
(Fig. 9). The two other conserved aspartic residues in pol b
(Asp192 and Asp256) do not have direct counterparts in
PPases but Asp256 helps remove the proton from the 3′-
OH as does Asp117 in Y-PPase, but from a different orien-
tation [51]. The direction of attack in the two enzymes is
also different. In Figure 9, the Y-PPase Wat1 (not shown) is
in front of M1 and M2, whereas the primer 3′-OH in pol b
would be behind the equivalent of M1.
In the alignment of PPase with the 3′,5′-exonuclease active
site of Klenow fragment (Klenex) (data available with 
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Figure 9
A stereo view of the superposition of rat DNA
polymerase b (polb) (in purple) and Y-PPase
(in red). The magnesium ions (pol b) are in
purple; the manganese ions (Y-PPase) are in
green; the pol b substrate is in yellow and the
Y-PPase product is in orange. The lower
metals in both enzymes take part in activation
of the nucleophile and the upper metal coordi-
nates the leaving group. Arg78 in Y-PPase and
Arg183 in rat polb are involved in substrate
activation. (Figure generated using the pro-
grams MOLSCRIPT [70] and Raster3D [71].)
Figure 10
A stereo view superposition of alkaline phos-
phatase (in purple) and Mn2⋅Y-PPase⋅(MnPi)2
(in red). The Y-PPase product is in orange
and the alkaline phosphatase Pi is in yellow;
Mn2+, Zn2+ and Mg2+ ions are in green, purple
and grey, respectively. Despite the locally
similar arrangement of active-site atoms, the
mechanism is likely to be different (see text).
supplementary materials), only the active site including the
putative hydroxide ion aligns well, as with pol b. The
arrangement of the metal ions (M1 and M4 in Y-PPase)
with the putative hydroxide ion is essentially identical in
the two enzymes. The geometry around the tightly bound
metal ion (PPase M1; Klenex Zn930) is different, however,
as the zinc ion has trigonal bipyramidal geometry, thus
rationalizing the preference of this site for zinc over magne-
sium [18]. The preference for the more acidic Zn2+ ion
explains why Klenex only requires one metal ion (Zn930)
to generate the hydroxide ion, whereas PPase requires two
(M1 and M2). Both binding sites include three carboxylate
groups: two aspartates and a glutamate, in Klenex, three
aspartates in PPase. The coordination around the other
metal ion (PPase M4; Klenex Zn931) is in both cases octa-
hedral and the site preferentially binds Mg2+ [18]. Klenex
Zn931 makes a bidentate interaction with the 5′-phosphate
of the thymidine 5′-phosphate (TMP) in the active site.
The phosphate on the TMP corresponds to, and aligns
quite well with, our P2; it is the electrophile. Viewed from
the perspective of the electrophile, in both enzymes a
single oxygen on the phosphate is coordinated by two
metal ions. The putative position of the leaving group
nucleotide 3′-hydroxyl, not present in the Klenex structure,
would be approximately the same as P1. As the bidentate
coordination of Zn931 to the 5′-phosphate of the TMP
appears quite strained, its coordination may be monoden-
tate to the phosphate and monodentate to the hydroxyl
when the leaving group is bound. If so, the coordination
around Zn931 would mirror that of M4 even more closely.
PPase also has an active site similarity with alkaline phos-
phatase (AP). Kim and Wyckoff [21] solved the structure
of alkaline phosphatase (AP) with one Mg2+ and two Zn2+
ions in the active site and proposed a two metal ion mecha-
nism using the Zn2+ ions. The Zn2+ ions (451 and 450) and
the phosphate in AP can be aligned to the Y-PPase M1 and
M2 and phosphate P2. The carboxylate groups of Asp115,
Asp120 and Asp152 in Y-PPase superimpose on the AP
Asp369, Asp51 and Asp327 carboxylates and Lys56 super-
imposes with AP Arg166 (Fig. 10). Despite the similar
arrangement of residues and metals in the active site, the
overall structures of PPase and AP show no similarity and
seem to have evolved separately, as is also true for AP and
polymerases. Furthermore, the mechanisms of alkaline
phosphatase and PPases differ in two significant ways. AP
has a covalent enzyme-bound phosphoserine intermediate
[21] and requires the more acidic Zn2+ ion, whereas PPases
catalyze the reaction by direct hydrolysis [14] and the rate
constant k3 (Fig. 6) is approximately the same [26,53]
whether Mg2+ or Zn2+ is the cofactor.
Are PPases related to DNA polymerases and AP by more
than just the mechanistic similarity already noted by others
[22]? Nature often appears to find multiple structural 
solutions that correspond to the same catalytic machinery.
For catalytic triad hydrolysis, five families are known, all
apparently related by convergent evolution: serine pro-
teases, the ab-hydrolase fold [54], cysteine proteases, sub-
tilisins, and the recently identified N-terminal nucleophile
(NTN) hydrolases [55]. Similarly, for phosphoryl transfer,
at least four different solutions exist, reflecting how ancient
and critical a reaction it is. These include ATPases and
kinases, which use the giant anion hole, and three types of
catalysis which require multiple divalent metal ions: the
three-metal mechanism of soluble inorganic pyrophos-
phatases, the two-metal mechanism of the nucleic acid
polymerases and exonucleases, and the covalent intermedi-
ate mechanism of AP. However, as these enzymes are
unrelated by divergent evolution, we believe the similari-
ties in the mechanism described above merely reflect the
limited range of catalytic options available to enzymes
catalyzing phosphoryl transfer.
Implicit in the statement that phosphoryl transfer has
evolved more than once is the idea that enzyme-catalyzed
phosphoanhydride hydrolysis must be a very old reaction.
Indeed, it must have been present as organisms moved
from the ‘RNA world’ to the ‘DNA world’, and possibly
even as proto-organisms moved from the ‘PPi world’ to the
‘ATP world’ [56].
Biological implications
Inorganic pyrophosphate (PPi) is produced by many
biosynthetic reactions, such as protein, RNA, DNA and
polysaccharide biosynthesis. These reactions are driven to
completion by the essentially irreversible hydrolysis of PPi,
catalyzed by soluble inorganic pyrophosphatase (PPase)
[3]. Not surprisingly, therefore, PPases are ubiquitous and
essential, as the very high levels of PPi that would result
from the absence of PPase would certainly be toxic. For
example, Klemme [57] calculated that the internal concen-
tration of PPi would rise to 3M in one hour in rapidly
growing Escherichia coli cells, in the absence of PPase (the
actual concentration is about 1mM).
The mechanisms of phosphoryl transfer enzymes remain
incompletely understood [4]. In addition to its importance
in the control of overall phosphorus metabolism, PPase
provides a useful model of a phosphoryl transfer enzyme
with a complex but well understood dependence on metal
ion concentration and pH [16]. Thus progress towards a
complete catalytic model of PPase, combining structural,
enzymological and mutagenesis studies, holds out the
prospect of increasing our understanding of two impor-
tant issues: the way that metal ions are used to effect
hydrolysis in biological systems, and the various ways
that biological systems catalyze phosphoryl transfer.
We present two structures of the PPase from the budding
yeast Saccharomyces cerevisiae (Y-PPase), one of the
activated enzyme (the Mn2⋅Y-PPase complex) and the
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other of the product complex (Mn2⋅Y-PPase⋅(MnPi)2).
These structures, combined with the results of functional
studies of the wild type and variant enzymes, permit us
to formulate a substantially complete structure-based
model for the PPase mechanism, and to compare and
contrast this model with mechanisms proposed for other
phosphoryl transfer enzymes.
The mechanistic model has three novel features. Firstly,
there is a highly charged active site in which virtually
every lone pair in the product, substrate and transition-
state is coordinated by metal ions, by hydrogen bonds to
protein sidechains, or by hydrogen bonds to ordered
water molecules. This achieves both charge shielding of
the electrophilic phosphoryl group (P2 in Fig. 5b) and
activation of the leaving group (P1). Secondly, the model
identifies an hydroxide ion nucleophile (Wat1), which is
stabilized because it bridges two metal ions (M1 and M2;
Fig. 5b) and is hydrogen bonded to Asp117; the attack-
ing species may thus have partial O2– character. Thirdly,
it identifies a water molecule stabilized by coordination
to M3 as a likely candidate for the general acid protonat-
ing the leaving group phosphate (P1; Fig. 5c). Thus at
least three metal ions are required for catalysis.
Though the mechanism and structure is conserved among
PPases, no other phosphoryl transfer enzymes seem to be
related to them by divergent evolution. We thus call this
mechanism the ‘three-metal ion mechanism’, in contrast to
the ‘two-metal ion mechanism’ proposed for alkaline phos-
phatase, polymerases and exonucleases, among others. If
PPases are not related by divergent evolution to these
other phosphoryl transfer enzymes, the common catalytic
motifs employed in enzymatic phosphoryl transfer must
have evolved more than once. We believe this reflects how
old enzyme-catalyzed phosphoanhydride hydrolysis is: it
must have been present as organisms moved from the
‘RNA world’ to the ‘DNA world’.
Materials and methods
Crystallization and data collection
Protein purification was as described in Heikinheimo et al. [27]. We chose
Mn2+ for crystallizations instead of the physiological Mg2+, because it
binds more tightly [58] and because Mn2+ can be easily located by
anomalous difference Fourier (Fig. 1).
The Mn2⋅Y-PPase crystals were grown as described elsewhere [32].
The crystals were soaked overnight in 9% PEG 1000, 11 % PEG
4000, 50 mM MES, pH 6.3, 1 mM MnC12, mounted in the same solu-
tion, and data were collected at 0° C. The Mn2⋅Y-PPase crystals belong
to the space group P212121 and have unit cell dimensions of 54.3×
68.4 × 161.9 Å, with two monomers in the asymmetric unit. The Mn2⋅Y-
PPase⋅(MnPi)2 crystals were grown in 8 µl sitting drops. The conditions
for growth were 30 mM MES, pH6.0, 1 mM MnCl2, 1 mM sodium
hydrogen phosphate with a drop 2-methyl-2,4-pentanediol (MPD) con-
centration of 17 % and a well concentration of 19%. Crystals appeared
in 3–5 weeks from the set-up of the drops and typically grew to a size
of 0.3 × 0.4 × 0.6 mm. Crystals were mounted with 19% MPD, 30 mM
MES, pH 6.0, 1 mM MnCl2, 0.5 mM sodium hydrogen phosphate and
soaked in this solution for a few hours prior to mounting. Mn2⋅Y-
PPase⋅(MnPi)2 belong to the space group P212121 and have unit cell
dimensions of 59.1 × 103.9 × 117.3 Å with two monomers in the asym-
metric unit. Data from these crystals were collected at –15°C. Data
from both crystal forms were processed with the program Denzo [59]
(Table 3).
Molecular replacement and structure refinement
Molecular replacement and refinement were done in X-PLOR [60]
using modified dictionaries of protein structure parameters [61]. We
used the program O [29] for model building. (3Fo–2Fc) and (Fo–Fc)
maps calculated by X-PLOR were used for model building and simu-
lated-annealing omit (Fo–Fc) maps were used several times in the
most difficult parts of the molecule. The metal-binding sites were iden-
tified from anomalous difference maps calculated with PROTEIN [62].
The Mn2⋅Y-PPase structure gave two anomalous peaks per monomer
whereas the Mn2⋅Y-PPase⋅(MnPi)2 structure gave four anomalous dif-
ference peaks per monomer.
Waters were added to the protein models, from a resolution of 2.5Å
onwards, to 4s (Fo–Fc) difference map peaks, picked with MAPMAN (in
RAVE) [63] and refined to the difference map with an O macro created
with MOLEMAN [64]. After this, all peaks were checked by hand, and
only those with acceptable hydrogen bonding were accepted. At 2.5Å
we also started grouped B factor refinement.
The Mn2⋅Y-PPase structure
The structure was solved by molecular replacement using data from 15
to 4 Å, using the partially refined apoY-PPase coordinates kindly pro-
vided by Professor Voet (University of Pennsylvania). After the rotation
and translation searches, the starting R factor was 45 %. 10 % of the
reflections were set aside for Rfree calculations [65]. All the electron-
density maps were, however, calculated using the full data set. We
extended the resolution to 3 Å by adding 10 % more reflections at a
time and then doing rigid-body refinement after each addition. At 3 Å,
the free and working R factors were 42.1 and 35.6 %, respectively.
This model was then refined with the slowcool routine in X-PLOR [60],
after which the R factors were 37.3 and 26.0 %. Omit maps of the
Mn2⋅Y-PPase model showed three regions that were somewhat incor-
rect. The loops 34–43 (b-1 to b1) and 231–240 (following aB) at the
surface of the model were very different. Residues 60–71 in the interior
of the protein (including sheet b3) were incorrect as they are in the
1PYP coordinates in the PDB. This might have been due to an error in
the original peptide-derived protein sequence, which omits Lys74 [23].
Having this loop one residue short, the partially refined apoY-PPase
structure returns to the correct tracing.
The two monomers were restrained to be similar during the refinement
with a non-crystallographic symmetry (NCS) weight of 300. At 2.5 Å
resolution (R factors 32.3 and 25.8 %) the crystal contact areas were
released to be different, but the core was kept similar. At the same time,
grouped B factor refinement was started, after which the R factors
were 29.8 and 22.7 %. After further model building and refinement, the
R factors converged at 28.5 and 21.2%, so waters were added as
described above. The B factors were refined as grouped Bs [60],
where only two B factors are allowed per residue. Finally, 25 cycles of
individual B factor refinement were run with X-PLOR bsigma restraint
parameters of 1.5 and 2.5 for mainchain and sidechains, respectively,
and asigma restraint parameters of 2.0 and 2.5. This lowered the R
factors from 24.9 and 18.5 % to 24.3 and 17.2 %.
The Mn2⋅Y-PPase⋅(MnPi)2 structure
The Mn2⋅Y-PPase⋅(MnPi)2 structure was solved by molecular replace-
ment from the Mn2⋅Y-PPase structure. Refinement was essentially as
described above. During the slowcool runs using data from 8.0 to 3.0Å
the two monomers in the asymmetric unit were constrained to be identi-
cal. As we increased the resolution, it became apparent that the loop
72–76 was packed differently in the two monomers and had to be
released. The rest of the molecule was restrained to be similar with a
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very high weight (500) until 2.2Å (R factors of 23.1 and 20.2%), when
the weight was lowered to 300 and some of the sidechains having differ-
ent conformations were allowed to be different. At 2.2Å (R factors 22.8
and 18.6%) the NCS restraints were removed and data added to 2.0Å
in four steps of positional refinement. At 2.0Å more waters were added
and individual B factors refined. The final R factor for this structure was
17.2% and the Rfree was 20.5%.
For building the more restrained Mn2⋅Y-PPase⋅(MnPi)2 structure we aver-
aged the maps using the program AVE (in RAVE [63]). We read the rota-
tion matrix out from O and created the mask for the protein in MAMA [66].
We were able to trace the first 282 residues in the Mn2⋅Y-PPase⋅(MnPi)2
structure without chain breaks. In the Mn2⋅Y-PPase structure the C termi-
nus in monomer 1 is partly packed between the molecules in the crystal
and we have traced it to residue 283. The loop 234–238 of the second
monomer in the Mn2⋅Y-PPase structure is disordered and thus omitted
from the final model. An example of the final refined models and there fits
to the electron density is shown in Figure 1.
The differences between the two monomers in the asymmetric unit are
smaller in the Mn2⋅Y-PPase⋅(MnPi)2 structure than in the Mn2⋅Y-PPase
structure due to the tight NCS restraints imposed during the refinement
(see above). All Ca atoms in these two monomers superimpose with an
overall rms deviation of 0.18Å. For the two monomers in the Mn2⋅Y-
PPase asymmetric unit, 268 residues superimpose with an overall rms
deviation of 0.20 Å. This provides an alternate measure of the accuracy
of the structures, which is around 0.2Å.
Structure analysis
The structures were analyzed with the programs PROCHECK [67] 
and WHAT CHECK [68] and the corrections proposed by the 
programs were taken into account during the last rounds of refinement.
Structure superpositions were done using three programs: RgbSup
(P Fitzgerald, unpublished program), SPASM (G Kleywegt, unpub-
lished program) and O [29]. All PPases were superimposed with
RgbSup, in which the parts of the proteins that differ by more than a
specified cut-off are removed in a cyclic fashion from the superposi-
tion. It is thus more likely to detect small differences between protein
structures. We used a cut-off of 0.5 Å for superimposing Y-PPases 
on each other and 1.0 Å to align Y-PPases to E-PPases. In the Y- and
E-PPase superpositions, the superposition was first done in O and
then refined with RgbSup.
We also sought to identify proteins related to PPase by searching the
Hohobom and Sander protein structure database (version 1995) [69]
for a three-dimensional arrangement of carboxylate residues similar to
the five aspartates (Asp115, 117, 120, 147 and 152) important for
metal-binding and function. We used the program SPASM (G Kleywegt,
unpublished program) which looks for a similar three-dimensional
arrangement of carboxylates, without constraints on the amino acid iden-
tity or sequence order. Both the full set of these five aspartates as well
as smaller subsets were employed in the search.
Alkaline phosphatase (AP) (1alk) [21], the rat DNA polymerase b
(pol b) (2BPF) [50] and the Klenow fragment (Klenex) [18] were super-
imposed on the Mn2⋅Y-PPase⋅(MnPi)2 monomer 1 in O using the option
lsq_exp [29]. The superpositions used sidechains, not Ca atoms of the
residues. AP and Y-PPase were superimposed atom by atom the fol-
lowing sets of atoms were aligned (AP→Y-PPase): Asp369(Cg)→
Asp115(Cg), Asp51(Cg)→Asp152(Cg), Asp327(Cg)→Asp120(Cg),
Arg166(Cz)→Lys56(Cε), Zn451→M1 and Zn450→M2, and the atoms
superimpose with a rms deviation of 0.82 Å. The Mg2+ in AP and M4 in
Y-PPase were not included in the superposition. Pol b was superim-
posed on Y-PPase the following sets of atoms were aligned (pol b→
Y-PPase): Arg183(Cz)→Arg78(Cz), Asp190(Cg)→Asp152(Cg), DCT
338(Pa)→P2(P), Mg340→M1 and Mg339→M4. These atoms align
with an rms deviation of 0.85 Å. The comparison of Klenow polymerase
3′,5′ exonuclease active site to Y-PPase was done by superimposing
the following atoms (Klenex→Y-PPase): Asp355(Cg)→Asp152(Cg),
Glu357(Cd)→Asp115(Cg), Asp424(Cg)→Asp147(Cg), Asp501(Cg)→
Asp120(Cg), Wat933(O)→Wat1(O), dTMP(P)→P2(P), Zn930→M1,
Zn931→M4. These atoms align with an rms deviation of 0.73Å.
The secondary structure definitions and the Ramachandran plot are
from PROCHECK [67] (Fig. 2 and Table 3) The Ramachandran plot
shows that the mainchain geometry of the structures is very good. Only
one residue, Asp66, in a long turn preceding strand b3, is in a gener-
ously allowed region, but the electron density shows that it is correctly
modelled. Rms deviations of bond lengths and angles are from X-PLOR
[60] (Table 3).
Accession numbers
The coordinates for the Mn2⋅Y-PPase and Mn2⋅Y-PPase⋅(MnPi)2 struc-
tures have been deposited with the Brookhaven Protein Databank, with
accession numbers 1WGI and 1WGJ, respectively. The coordinates
are on hold for one year. Supplementary material for the paper is avail-
able through the World Wide Web at http://www.btk.utu.fi/xray/PPase.
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Table 3
Data collection and refinement statistics.
Mn2⋅Y-PPase Mn2⋅Y-PPase⋅(MnPi)2
Number of crystals 2 8
Rmerge (I)* (%) 8.8 10.3
Resolution (Å) 8.0–2.2 8.0–2.0
Independent reflections
(total observations) 27 467 (178 216) 45 565 (236 904)
Completeness (%) 89.5 89.2
(last resolution shell) (2.2–2.3 : 71.9) (2.0–2.09 : 82.9)
Reflections |F| > 2s (F) 24 743 40 088 
Rfree setup (%) 10 4.3
Number of reflections 2 777 2 263
Rwork/Rfree§ (%) 17.2/24.3 17.2/20.5
Waters 195 307
Number of non- 4589 4789
hydrogen atoms
Average temperature
factors (Å2)
protein 27.8 17.7
phosphate ions 9.7
manganese ions 22.6 13.5
water molecules 31.4 25.0
Ramachandran
most favoured (%) 89.5 89.0
Rms deviation from ideality
bond lengths (Å) 0.010 0.010
bond angles (°) 1.6 1.6
dihedral angles (°) 25 25
*Rmerge = Σ | Ih– < I> | / Σ Ih, where Ih is the measured intensity and < I >
the average intensity of reflection hkl. §Rfree and Rwork are conventional
crystallographic R factors; R = Σ | |Fobs|– |Fcalc | | / Σ | |Fobs|, where Fobs is
the observed and Fcalc the calculated structure factor of reflection hkl.
Rfree is calculated on the ‘test set’ of reflections, as described in the
X-PLOR manual [55].
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